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INTRODUCTION AND PURPOSE 
Sandstone dikes, also-called clastic dikes, although 
seeminly anomalous phenomena, are actually fairly common and 
have been reported from many localities throughout the world. 
Most explanations for these peculia-r features involve the 
formation of a sui table fracture, and filling f-rom above or 
below by clastic material in a fluidized state. The foreign 
material lithifies to form a structure which is closely 
compa-rable to igneous dikes in general appearance (Peterson, 
1966) • 
One of the earliest attempts made at an explanation of 
clastic dike intrusion was by Jenkins (1925), who by the use 
of an applied vertical force on a series of clays showed that 
the force of gravity of overlying sedimentary beds could 
force the clays down into pre-existing cracks. 
This study is the outgrowth of one initiated in the 
summer of 1964 by G. Johnson, L. Garside, and the writer. 
During that particular investigation, several clastic dikes 
were observed on the flanks of Sheep Mountain Anticline in 
Bighorn County, Wyoming. A preliminary examination of the 
dikes indicated that they appeared to be related to the 
fracture pattern observed in the study area. 
It is the purpose of this report to describe the clastic 
dikes associated with Sheep Mountain Anticline and related 
2 
structures and to determine their origin. The observed 
field 'relationships indicate that the dikes we"re forcefully 
injected into the underlying beds during the early stages 
of tectonism. 
3 
GEOGRAPHICAL AND PHYSIOGRAPHIC 
DESCRIPTION OF THE AREA 
The thesis area is located in Townships 53, 54, and 55 
North and Ranges 93, 94, and 95 West, Bighorn County, 
Wyoming and occupies most of the Lovell NW quadrangle and 
one fourth of the Lovell SW quadrangle. The quadrangles 
lie completely within the Bighorn Basin of the Middle Rocky 
Mountain physiographic province. The area covers approxi-
mately 150 square miles in the northeastern pa-rt of the 
basin. The map (Figure 1) indicates the location of the 
area of study and of dike occur-rences. 
The most prominent topographic feature is the northwest 
trending Sheep Mountain, -rising some 5000 feet above sea 
level and over 900 feet above the surrounding basin. It 
is approximately 15 miles long and 3-1/2 miles wide at 
its widest point. 
The area is drained by the Bighorn River which flows 
generally north and is superposed upon Sheep Mountain cutting 
the axis at one-half the distance f·rom the northern end. 
The -remainder of the drainage is structurally controlled with 
many ephemeral streams occupying st-rike valleys and others 
cutting into the scarp and dip slopes of the bordering 
hogbacks. 
The topography has generally rugged, sharp features 
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6 
characteristic of this arid region. The flanks of Sheep 
Mountain consist of flatirons which are common erosional 
features in the area. 
Vegetation consists primarily of sagebrush and juniper 
which in the early summer give the desert a carpet of green, 
but in later months turns to gray and brown due to lack of 
rainfall. The ,rocks are well exposed and outcrops are 
continuous for miles, obscured only by cover related to 
drainage, ter'races, and recent alluvium. 
7 
GEOLOGICAL SETTING 
The Bighorn Basin is an irregular, approximately 
elliptical structural lowland limited on the west by the 
Absaroka and Beartooth Mountains, and on the south, east, 
and northeast by the OWl Creeks, Bighorn, and Pryor Mountains, 
respectively. All of these with the exception of the 
Absarokas, represent orogenic uplifts with exposed Pre-
cambrian cores, flanked by deformed strata. 
The basin itself is underlain in its deepest parts by 
2500 to 3200 feet of Paleozoic, 1500 feet of Triassic and 
Jurassic, and 7000 to 9000 feet of Cretaceous strata. In 
the central and western parts several thousand feet of 
Paleocene and Eocene strata are present (Eardley, 1962). 
Stratigraphy 
The oldest exposed formation is the Madison of 
Mississippian age which underlies the Amsden and Tensleep 
formations of Pennsylvanian age. The Madison is approximately 
700 feet of massive limestone. The Amsden is 170 feet of 
dolomite and red siltstone which was deposited on a karst 
topography developed on the upper surface of the Madison. 
The Tensleep formation, which varies in thickness from about 
40 to 110 feet, is predominately sandstone. The Embar 
formation consists mostly of 380' of red shales (lower) and 
8 
massive dolomite (upper) and rests disconformably on the 
Tensleep. 
The Triassic Chugwater formation consists of about 700' 
of red siltstones and sandstones. The Jurassic ·rocks are 
subdivided into four formations and are, in ascending order: 
the Gypsum Springs, l70-feet thick; the Sundance, 350 feet 
/,' . 
thick; the Morrison, 150 feet thick; the Cloverly, 190 feet 
thick. The Gypsum Springs consists of red shale, limes.tone, 
and gypsum and ·rests disconformably on the Chugwater. The 
Sundance contains green shale, sandstone, and coquinoid 
limestone While the Mor'rison consists of variegated sand-
stones and shales. The Cloverly formation is primarily 
brightly colored white and purple siltstones and variegated 
sandstones. 
The lower Cretaceous rocks are grouped into five forma-
tions and a·re, in order of decreasing age: the Sykes 
Mountain, 85 feet thick; the Thermopolis, 200 feet thick; 
the Muddy, 30 feet thick; the Shell Creek, 200 feet thick; 
and the Mowry, 300 feet thickl • The Sykes Mountain consists 
of rusty colored sandstones and siltstones. The Thermopolis 
and Shell Creek formations, between which lies the white 
Muddy sandstone, are primarily black bentonitic siltstones 
containing some thin bentonite seams. The Mowry formation 
is a silver gray, siliceous shale containing a few thin 
sandstones and bentonite beds. 
~he first four of the above formations are also\known as 
the Thermopolis group. 
9 
The Upper C·retaceous formations exposed wi thin the 
thesis area include the Frontier, consisting of 500 feet of 
sandstone, black bentonitic siltstone, and bentonite, and 
the Cody which is predominately black or gray bentonitic 
shales with a few thin sandstones and bentonitel • Figure 2 
summarizes the stratig'raphic column in the thesis area. 
Structure 
The structures within the thesis area are typical of 
the folds associated with the intermontane basins of the 
Wyoming Rockies. The predominant structure is Sheep Mountain 
Anticline which trends NW as do the other adjacent open 
folds. Other structures include Alkali Anticline and a tri-
angular shaped syncline to the north of Sheep Mountain 
(Plates 1 .. and 3). 
Sheep Mountain is a breached, asymetrical anticline, 
plunging N 40° Wand S 30° E. Dips on the eastern flank in 
the area ·range f·rom 50° to slightly overturned, whereas those 
on the western flank range f·rom 15° to 45°. 
The stratigraphic units exposed on Sheep Mountain in the 
study area ·range f'rom Madison in the core th·rough Sundance on 
~he sandstone of the Frontie·r is mostly contained within 
two members, the Peay and the Torchlight. The Peay occurs 
approximately 40' above the Mowry-Frontier contact and varies 
in thickness f·rom 50' to 100'. The Torchlight caps the 
F·rontier and is approximately 50' thick. 
10 
Figure 2. Stratigraphic column of the rocks exposed in 
the thesis area 
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12 
the eastern flank and through Cody on the western flank 
(Plate 1). 
The formations exposed on Alkali Anticline are enti'rely 
Cretaceous in aqe, -ranqinq f·rom Thermopolis in the core to 
Cody on the flanks. Alkali Anticline is not as prominent as 
Sheep Mountain, havinq an elevation of roughly 4500 feet and 
dips on the flanks up to 30°. The structure plunges N 20 0 W 
and S 60 0 E and is cut by several NE trending normal faults. 
The syncline which lies north of Sheep Mountain has the 
Cody formation exposed alonq its axis and was developed be-
tween Sheep Mountain, Spence Dome to the east and Rose dome 
further to the north. 
The fractures, consisting of faults and joints of 
tectonic oriqin, are conside'red to be related to the early 
stages of folding and are discussed in detail in a later 
section of this report. The joints and faults are con-
sidered significant in the study since the field relation-
ships suggest that there are two stages of f·racture 
development, before and after the emplacement of the dikes. 
The major fracture sets represent the longitudinal, cross, 
and shear directions on an anticline (Badgley, 1965) and 
dikes were observe4 parallel to each of these trends. 
History 
The Bighorn Basin as well as other parts of Wyoming, 
acted as a shelf area of sedimentation until C·retaceous time 
13 
when considerable subsidence occur'red in conjunction with 
more active Cordilleran tectonic activity to the west. 
During Late C'retaceous to Eocene time, the sediments of 
the Northeastern Bighorn Basin were deformed into many north-
west trending folds as the ,ranges surrounding the basin were 
elevated (Eardley, 1962). 
Fanshawe (1947) postulated the tectonic genesis of the 
structures of the basin. He suggested that the folds and 
faults were the ,result of -resistance to horizontal confine-
ment which was set up in the upper sedimentary beds of 
the basin as 'regional compression warped the surface of the 
basement complex downward. This curvature caused the over-
lying sedimentary units to deform since they were forced to 
occupy less surface area. 
14 
METHOD OF INVESTIGATION 
Since one of the major concerns of this study is to 
describe the dikes in some detail, it was necessary to make 
a detailed map of as many dikes as was feasible within the 
thes is a-rea. 
As a preliminary to this portion of the field work, a 
geologic base map was constructed on an acetate overlay from 
aerial photographs of the area. Approximately the first 
wet-£-
fou-r weeks of the summer was' spent on this undertaking. 
During this period of reconnaisance and mapping, 16 dikes 
were· located, 14 of which were later mapped in detail. 
The detailed mapping was done with plane ~able and 
alidade on a scale of 1" - 50' with two exceptions. This 
scale permitted the mapping of dikes which were in excess 
of 700' long on the 24" board, and at the same time allowed 
the detailed nature of the dikes to be recorded. Rod 
stations we·re taken at approximately 3' intervals on alternate 
sides of the dikes to insure accurate mapping. A lithologic 
description was also made at each rod station. 
Sampling of selected dikes commenced upon completion 
of the plane table mapping. A tape and brunton compass traverse 
was used to tie into the plane table stations to locate sample 
sites. 
Various structural features were 'recorded during this 
15 
phase of the work. These included fractures and slicken-
sides within the dikes, flow st·ructures, and fracture patterns 
in stratigraphic units in the dike areas. 
16 
OCCURRENCE OF ~IE DIKES 
Spatial Distribution and 
Extent of the Dikes 
Dikes were observed at 9 separate localities on the 
southwest flank of Sheep Mountain, the northwest nose of 
Sheep Mountain, the southeast nose of Alkali Anticline, and 
on the southeast nose of the triangula'r syncline. A total 
of thirteen dikes were mapped in these areas (Plate 2). 
The dikes are easily visible, both on the ground and 
f·rom the air since they have a relief of f·rem 3 to 5 feet 
above the surrounding strata and generally intersect the 
well defined strike ridges at an acute angle or are nea-rly 
perpendicular to them (Figure 3a). The total topographic 
difference in elevation from the lower to upper end of most· 
dikes is on the order of 100-200 feet (Figure 3b). 
The spatial distribution of the dikes is limited to the 
a-rea of exposu're including the Shell creek) Mowry, and 
F-rontier formations. Stratig·raphically, the dikes all occur 
within these three formations. In five of the areas, the 
dikes completely transect the Mowry formation and enter the 
underlying Shell Creek formation. In five locations dikes 
were observed in the basal Peay sandstone member of the 
F·rontier formation. No dikes were observed other than in 
this stratigraphic setting. 
17 
Figure 3a. Aerial photograph of dikes 14 and 15 showing 
relationship to regional strike (looKing S 450 W) 
Figure 3b. A portion of a dike viewed parallel to the 
. strike of the sur-rounding beds showing the 
topographic difference in elevation 
18 
19a 
The Peay sandstone is considered to be the source 
of the dikes. It is the nearest sandstone unit stratig·raph-
ically and spatially to the dikes and its lithology compares 
favorably with that of the dike rock. At the five locations 
where dikes t·ransect the Peay, no dikes were observed to 
have gone through the Peay into the overlying siltstones. 
Furthermore, no dikes were observed that were related to 
the Torchlight sandstone member of the Upper Frontier or 
to the Muddy sandstone. These units are the nearest 
sandstones spatially and stratigraphically to the dikes 
other than the Peay. F·rom this evidence, it is concluded 
that the dikes were intruded into a lower stratigraphic 
horizon. 
The dikes generally followed one of three trendsldue 
North, N 30° E to N 80° E (average N 56° E) and N 70° w. 
The dikes were generally vertical when they occur perpendic-
ular to the strike of the surrounding beds. Dikes whose 
trends were at small acute angles to the strike of the 
country ·rock were observed to have dips of approximately 
65° in the di·rection opposing the dips of the surrounding 
beds which are approximately 30°. 
Eight of the thlrteen individual dikes are located on 
the southwest flank of Sheep Mountain. Five of these inter-
sect the 'regional st·rike at acute angles, two are nea·rly 
perpendicular, and a portion of one is nearly parallel. 
19b 
One dike is located on the southeast nose of Alkali 
Anticline and has a strike of N 80° E (Figure 4). 
The northern nose of Sheep Mountain contains the largest 
concentra tion of dikes. Four were mapped in this area. 
The plan view of these dikes show their -relationship to the 
structural 'axes (Plates 1 and 2). It was noted that one of 
these dikes suggested fault control (Plate 2). 
One mapped dike occu·rs on· the southern nose of the 
triangular syncline. It is, like most of the others, not a 
complete unit, and is composed of several segments which, 
when viewed at a distance or f·rom the air, give the 
appearance of a complete dike. A study of detailed maps 
of individual dikes indicates that these dike segments 
may be offsets of a more complete original dike after 
emplacement along systematic f-racture sets. This point 
will be discussed later under the section concerning post 
dike fractures. 
The major dikes in the study area had an appa·rent 
horizontal extent (length) ranging f-rom 210' to 1800', 
averaging 770' and an apparent vertical extent -ranging from 
55' to 250' with an average of lOS' (Table 1). These 
dimensions are of the dikes as seen in thei·r present position 
and are considered to be the minimum dimensions as measured 
in the field. Their true lengths are unknown, since dikes 
or portions of dikes may have been -removed by erosion. 
20 
Figure 4. Clastic dike #9 transecting the axis of 
Alkali Anticline (looking S 10 0 W) 
21 
22a 
Thickness varied f'rom seve-ral inches to local thickenings on 
the order of 2 to 5 feet. 
The sedimentary beds surrounding individual dikes have 
dips ranging f·rom 11° to 63°. The dikes occurring in areas 
of low dip have the longest horizontal extent (Table 1). 
A dike located east of the study area in the same strati-
graphic setting has a horizontal extent of nea'rly 3 miles 
and the surxounding sedimenta·ry beds dip on the order of 
3° to 5°. 
Although there is little di'rect evidence suggesting 
the direction of intrusion in terms of lineations, it has 
been established that the dikes were intruded into a lower 
stratigraphic horizon. . The vector components of the in-
trusive direction may have ,ranged f·rom vertically down-
ward to lateral. . The extent to which the lateral component 
of intrusion contributed to sand transportation would 
depend upon the time of the injection as related to the 
degree of development of the folding. 
The simplest approach to determine the direction of 
sand transport is to consider the shortest distance that 
sand particles would take in traveling f-rom the source of 
the sand to a location in the dike. This distance would be a 
perpendicular line extended from the source to a location in 
the dike. 
Considering the above approach, dikes which were intruded 
22b 
into areas of low dip would have a large vertical component 
and a small lateral component of sand t'ransport. Intrusion 
would have occurred in the early stages of fold development. 
The magnitude of the horizontal extent of tbedikes in areas 
of low dip further suggests that lateral transport of sand 
seems unlikely since the distances covered to the lower 
ends of the dikes extend to over one thi'rd of it mile. 
In a'reas of steep dip, the possibility of a lateral 
transport component inoreases provided that the time of 
intrusion occurs when folding has progressed to the degree 
that the ·resolution of the transport vector, which is 
perpendicular to the source bed, produces a significant 
lateral component. Dips on the flanks of such a fold would 
exceed 30°. 
Two lines of evidence suggest, however, that dikes located 
in areas of steep dip may also have been emplaced early in the 
folding and subsequently rotated to their present position. 
The dikes are ,related to the systematic f·racture patterns 
observed in -the Mowry formation and the Peay sandstone. 
The 'relationship of these fractures to bedding as discussed 
in a later section of this report show, that they developed 
during the early stages of folding. The dikes mentioned 
above which dip at 65° in the di·rection opposing that of the 
surrounding beds occupy fractures which belong to systematic 
patterns as do dikes in areas of low dip. As mentioned 
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24a 
earlier, the dikes are f·ractured and offset on what also 
appea'r to be systematic f-racture patterns. The relationship 
of these fractures to bedding shows that they also developed 
during early stages of folding. Since these fractures 
offset the dikes, they must be later than the dikes. The 
conclusion -reached is that the dike intrusion represents 
a critical time in the ea'rly stages of folding. 
In order to obtain the minimum extent and depth of 
intrusion of the dikes, it was necessary to rotate the 
surrounding beds to a horizontal ·reference position. 
Completion of this rotation indicated that the minimum 
horizontal extent ranged from 55' to 1740' with an average 
of 640' and the minimum vertical extent ,ranged from 150' to 
800' at an average of 325' (Table 2). These data suggest that 
a forceful intrusion was needed to penetrate a depth of 
800'. 
The horizontal extent of the dikes was obtained by 
measuring the distance between perpendicular lines extended 
f·rom the Frontier-Mowry contact to the upper and lower ends 
of the dikes (as seen in the field). This measurement 
was made on the surface of this contact after its 'rotation 
to the horizontal. The vertical extent was obtained by 
measuring the length of the perpendicular f'rom the Mowry-
Frontier contact to the lower end of the dike (Figure 5). 
24b 
Table 2. Minimum dike dimensions obtained by rotating 
extent data to a horizontal ~eference plane 
Dike i Minimum Horizontal Minimum Vertical Extent Extent 
1 460' 800' 
2 55' 200' 
4 400' 600' 
5 750' 475' 
6 1270' 550' 
8 1740' 500' 
9 730' 250' 
10 280' 280' 
12 1085' 150' 
13 1540' 470' 
25 
F
ig
ur
e 
5.
 
B
lo
ck
 d
ia
gr
am
 s
ho
w
in
g 
th
e 
r
e
la
ti
on
sh
ip
 o
f 
th
e 
a
pp
ar
en
t 
ho
ri
zo
nt
al
 a
n
d 
v
e
r
ti
ca
l 
e
x
te
n
ts
 o
f 
a 
di
ke
 t
o
 t
he
 m
in
im
um
 
ho
ri
zo
nt
al
 a
n
d 
v
e
r
ti
ca
l 
e
x
te
n
ts
 o
f 
th
e 
di
ke
 
26 
- -- --fr 
. 
w 
. 
a. 
Co 
1 
27 
Perpendicular lines extended from the Mowry-F-rontier 
contact to the upper ends of the dikes which occur in the 
Peay indicate that up to 60' of the basal Peay may have 
been involved in providing source material for the dikes. 
Lithology 
Megascopically, the dike -rock is a medium grained, 
buff to light to bluish g-ray sandstone locally containing 
abundant chert pebbles ranging f-rom 1/4" to 1-1/2" in 
the longest dimension. The dike rock has variable in-
du'ration, however it is generally well cemented with calcite 
or silica and more resistant than the surrounding beds. 
The dike ~ock closely resembles the lithology of the Peay 
which is a light brown to gray sandstone, containing medium 
subrounded g-rains and black chert pebbles up to 2 inches 
long. It is generally cemented with silica and forms 
resistant ridges. 
Structure 
Controlling fractures 
At each dike locality, a set of fractures was 
-recognized which paralleled the st-rike of the dike or dikes 
at that locality. In one area, a fault was also -recognized 
to be continuous with a dike and offset the Peay sandstone 
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(Plate 2). The displacement along this fault was approxi-
mately 15' vertically and 700' horizontally. These joint 
and fault trends can be related to the folded sbructures 
and are considered to be instrumental in controlling 
the emplacement and attitude of the dikes. The fractures 
occur in trends which occupy longitudinal, cross, and 
shear di'rections on the anticlines and syncline. A de-
tailed discussion of the fracture pattern is included 
in the next section of this paper. 
Post dike fractures 
---- ---- ---------
Detailed mapping illusbrated the offsets of the dikes 
and the fractures wi thin them. The offsets and fractures 
within the dikes indicate that small scale faulting on the 
order of several inches to several feet is more common 
than might be assumed from studying the geologic map of 
the study area. These faults are probably healed in 
the shales on ei the-r side of the dikes and the dike offset 
is the only -remaining -record of movement. In some a-reas 
the fractures are continuous from within the dike into 
the surrounding strata and are 'related to the regional 
structure. Many of the offsets of the dikes in the Shell 
C'reek and the Mowry are parallel to bedding and are 
probably related to bedding plane faults, possibly along 
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the seams of bentonite which occur in these two formations. 
Other dikes such as the one discussed below have f·ractures 
which a·re not related to the fracture patterns of the 
sur·rounding beds but are related to the stress field 
discussed later. 
Two sets of fractures measured within dike #9 
have attitudes which become nearly vertical and horizontal 
when the surrounding beds are ..rotated to a horizontal 
reference position. The dike itself transects the axis 
of Alkali Anticline at a large acute angle. The vertical 
fractu·re set is also nearly normal to the walls of the 
dike and is the result of tension developed parallel to 
the axis of the anticline during its uplift. The 
fracture set pa..rallel to bedding is the result of shear 
or sliding in response to stretching of the dike along 
its st·rike. The f·racture which are parallel to bedding 
offset the vertical fractu·res slightly and ".ro thus 
later •.. The dike outcrop looks very much like a concrete 
block wall. The relationships of the joints in this dike 
to the surrounding beds further indicate early intrusion 
followed by continued movement (Figure 6). 
Flow structures -.;;...,;;=..;;..;;;~= 
At one locality, flow structures parallel to the walls of 
the dike similar to those ..recognized by Vitinage (1954) in 
sandstone dikes in Colorado were observed. These structures 
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Figure 6. Vertical and horizontal joints developed on 
dike 19 
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have a curved cylindrical shape and vary in diameter from 
1- to 11 and in length from several inches to several feet. 
The larger ones appear to consist of curved laminations 
which a-re -ref lected in the curved nature of the erosion 
surfaces. The structure has a bearing of S 13° E (the 
bearing of the dike is in this locality) and plunges 25° to 
the south. Rotation of the surrounding sedimentary beds to 
the horizontal gave a bearing (of the flow structure and 
the dike) of N 16° Wand a plunge of the structure of S° 
to the north. 
In two other areas, planar or bedded structures were 
observed which might suggest flow. Rotation of the -surrounding 
beds to the horizontal gave dip directions which coincide 
with the feature discussed above. That is, the down dip 
directions of these features pointed towards the axis of 
the anticline and were oriented nearly parallel to the 
strike of the dikes in which they occur. It is thought 
that the attitudes of these flow st-ructures indicate lateral 
components of flow in an overall vertical flow direction. 
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FRACTURE ANALYSIS 
In the course of the field investigation, it was noted 
that at the ten dike localities where fractures were 
measured, there was at least one set of systematic f·ractures 
which a·re parallel to the dike or dikes at that locality. 
One dike (112) shows definite evidence of fault control. 
The fault has the same bearing as one of the major joint 
trends in the area and continues beyond one end of the 
dike. The joints of this set in the Peay sandstone increase 
in f'requency as the dike is approached normal to its strike. 
Fault control is also suggested for dikes 18 and 19 by the 
observation that both dikes lie on nearly the same line and 
have similar bearings. An increase in the f·requency of 
the joints of the set parallel to this trend is also 
noticed and begins approximately 3' to 5' on either side 
of the dike in the Peay sandstone. It is thought that 
other dikes in the area may also be related to faults 
associated with tectonic activity. Hence it appears that 
the dikes may be structurally controlled by faults or 
fractures of tectonic origin established before or during 
intrusion. 
A study of detailed maps of several individual dikes 
indicated that offsets of the dikes and the f'ractures within 
them may be related to movement and adjustment along a 
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systematic pattern of f~actures after the dikes were injected. 
In some areas the fractures are continuous from within the 
dikes into the surrounding beds thus indicating that a 
portion of the fractures in the area were established after 
emplacement of the dikes. 
Badgley (1965) gives the geomet-ric orientation of 
longitudinal, cross, and diagonal joints relative to fold 
axes and to the principal stress axes. (Figure 7) He 
defined longitudinal jOints as those which are roughly 
parallel to fold axes and normally have steep dips. C-ross 
joints are roughly perpendicular to fold axes and also 
normally have steep dips. They have been referred to as 
·extension joints· by Billings (1954) as they are related 
to slight elongation parallel to the axes of the folds. 
Diagonal joints generally occur in paired sets arranged 
more or less symmetrically with -reference to the longitudinal 
and cross joints of a region. The diagonal joints generally 
intersect to form an obtuse angle about the longitudinal 
joint trend and an acute angle about the cross joint trend. 
Their dips a-re generally steep. 
Although the orientation of the principal stress 
direction cannot be directly observed, they may be inferred 
by observing the angular ·relationships between f·racture sets. 
Thus it is convenient to relate joints and faults to 
the three principal st-ress axes (Badgley, 1965). 
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Figure 7. Geometric orientation of longitudinal, cross, 
and diagonal joints relative to fold axis and 
the three principal stress di,rections 
(Badgley, 1965) 
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Bucher (1920) was one of the fi·rst. investigators to show 
the relat.ionship of f·racture pat.terns to the principal st·ress 
axes. In his example of a brit.tle body subjected to both 
horizontal compresaion and t.ension, shear planes develop 
which we·re similar to the ant.iclinal diagonal joints of 
Badgely. They are orient.ed in such a way that the maximum 
compressive stress bisected t.he acute angle bet.ween these 
joint.s and the joint. dips are st.eep (Figure 8). Bucher's 
exam.ple is for a flat. lying st.·ruct.ure. 
Badgley (1965) furthe·r st.at.es t.hat. rot.at.ion of bedding 
planes containing fracture pat.t.e·rns back to the horizontal 
using stereographic methods may alter the pattern signifi-
cantly. He believes that because the rotated joint pattern 
more closely approached the idealized joint distribut.ion 
normally expected on an anticline (Figure 7), much of the 
joint.ing, part.icula·rly the longitudinal variet.y, developed 
during the early st.ages of folding. 
DeSitter (1964) contends that. in an ant.icline of 
e-
competant beds, there is a local tensional st.ress in the 
outer arc perpendicular t.o the axis. This would be con-
sidered the direction of the least. principal st.ress, with 
t.he overburden const.it.ut.ing the median st.ress, and the 
greatest. principal st.ress parallel t.o the axis (Figure 11). 
Tension joint.s would be developed parallel to the axis. In 
a syncline, the opposit.e would be expect.ed wit.h local 
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Pigure 8. Shear planes developed in a brittle body 
subjected to horizontal compression and tension 
at right angles (Bucher, 1920) 
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compression in the direction perpendicular to the axis. 
In both cases a set of shear joints develops, with the 
acute angle bisected by the di·rection of the greatest 
stress, but differently oriented to axis direction (Figure 
9a). 
DeSitter outlines the type of joints one might expect in 
a competent unit subjected to moderate folding. Initially 
the sheet is in a simple stress condition, in which shear 
jOints are forming at an acute angle with the deformative 
stress, and tension joints parallel to this stress (regional 
stress). (Figure 9b) 
The next stage is the secondary stress condition, caused 
by elastic bending, which will cause a set of shear joints 
with their acute angle bisected by the anticlinal axis and 
tension joints parallel to the ,axis (Figure 9a). 
Frictional shear joints may also occur as the result 
of the opposing stress on the top and bottom of the sheet. A 
couple on the other faces is needed to compensate for the 
rotational effects of the first couple. These joints are 
parallel to the fold axis. 
Finally ,release tension joints may be expected after the 
stress has vanished. These will be parallel to the fold axis 
if they release the main stress or perpendicular if they 
·release the secondary stress. 
It is unlikely that all the above sets of f·ractures will 
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Figure 9a. Origin of joint and fault patterns in an 
adjoining anticline and syncline (DeSitter, 
1964) 
Figure 9b. Shear joints and tension joints developing in 
an unfolded sheet of rock (DeSitter, 1964) 
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be present. in anyone folded rock unit. Whichever sets are 
dominant. a're probably det.ermined by lithology, the posit.ion 
on the st.ructure under considerat.ion, the length of time 
that. the stress has been acting, and the competency developed 
within beds as folding prog·resses. 
Fractures were measured at. ten dike localities in the 
Mowry and on the Peay sandst.one of the F'rontier. Fract.ure 
pat.t.ern data obt.ained from t.he 1964 st.udy on the Tensleep 
.a. 
and Sykes Mountain sandstones were also used to compliment the 
f·racture pattern investigation. 
The fract.ures were plotted on the geologic base map 
and using the methods of Phillips (1960) were rotated so 
that the surrounding beds were horizontal (Plat.e 3). It 
was noted that the vast majorit.y of the joints were very 
steeply inclined or vertical upon completion of the rotation 
(Appendix 1). According to Badgley, this evidence indicates 
that. the f·racture pattern was established in t.he init.ial or 
ea'rly st.ages of folding. 
Nearly all of the t.ypes of joints discussed above were 
recognized in this investigation. The shear joints measured 
in the Mowry and Frontier on the southwest flank of Sheep 
Mount.ain and on Alkali Ant.icline show both of the orient.a-
tions discussed above. That is, some sets are oriented with 
their acute angle perpendicular to the axis, others with 
t.hei·r acut.e angle parallel to the axis. The presence of these 
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two sets of shear joints suggest that although they were 
both formed during the early stages of folding, the latter, 
according to DeSitter would form slightly later than the 
former. This could be a critical point, particularly where 
the latter set of shear joints was -recognized in some of 
the dikes on the southwest flank of Sheep Mountain. Joints 
measured in the competent Sykes Mountain sandstone on the 
northern nose of Sheep Mountain also show one member of 
a conjugate set of shear joints with its acute angle 
intersecting the fold axis. 
In other a·reas where clastic dikes are reported to be 
structurally controlled, many joints of the set or sets 
which control the dikes are filled. The clastic dikes in 
Southern California reported by Duncan (1964) are char~cter­
istic. By comparison, it is significant that there are 
-relatively few dikes in the study area. It is suggested 
that the dikes may be controlled by faults or major fractures 
developed in the Peay and a limited number in the Mow·ry 
during the initial stages of folding before the MQw.ry sJ:lale 
had attained enough competency during folding to undergo the 
brittle f·racture as seen today. The nature of the f·racturing 
and dike injection will be discussed in a later section of 
this pape·r. 
A study of the geologic map of the study area shows that 
many of the dikes are located in areas where the Peay sand-
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stone would probably be undergoing deformation more ~apidly 
than in othe'r areas. These include the noses of Alkali 
Anticline, Sheep Mountain, and the triangular syncline, and 
th'ree locations on the southwest flank of Sheep Mountain 
where there is a change in the di'rection of strike of the beds. 
It was concluded that the main compressive stress was 
acting very nearly horizontally in a NE-SW di·rection, with 
local secondary 'tension acting in the same dJ..rection as 
envisioned by DeSitter. This agrees favorably with the 
Laramide deformational history of the basin, where compres-
sional forces f'rom the w-sw thrust the miogeosyncline of 
the Cordillera onto the stable shelf (Thomas, 1949). 
The cross joints observed were probably due to the 
tensional forces set up with longitudinal stretching parallel 
to the fold axis, (Billings, 1954) or caused by the ~elease 
of the secondary stress system. 
The longitudinal joints were probably due to either 
the local tensional forces set up in the outer surface of 
the fold or to the frictional shear mechanism proposed by 
DeSitter. The problem in determining if the first mechanism 
is valid is dependent upon what the outer surface of the 
fold and the depth of burial was at the time of deformation. 
Joints whose dips do not approach the vertical upon 
rotation are generally unsystematic and may be due 
to gravity as described by Harris (1960). 
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Dikes were observed to have -filled- all three types of 
fractures I diagonal, longitudinal, and cross. The presence 
of HE trending normal (adjustment) faults on Alkali Anticline 
further indicates that a state of tension must have existed 
horizontally in a NW-SE direction. 
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ORIGIN OF THE DIKES 
General Statement 
It is now generally ag·reed that there are two different 
genetic types of clastic dikes (Duncan after Schrock, 1964): 
(1) Those which are the result of intrusive origin, and 
(2) those filled with material from above which is trans-
ported into previously formed fissures. 
The clastic dikes in the study area are considered 
to be of intrusive origin and injected into a lower 
stratigraphic horizon. A simple filling mechanism whe·rein 
material is washed into f·ractures on the sea floor is 
negated for the following reasons: 
(1) The Vertical extent of the dikes ranges up to 800'. 
It is doubtful that fractures of this depth could exist 
on a sea floor whe·re the sediments are water saturated and 
unconsolidated. It is also doubtful that any fractu·res 
which might exist on the sea floor would remain open for 
the length of time necessary to allow filling with the 
amounts of sand found in the dikes. 
(2) The fracture pattern in the study area is ·related 
to the stress field. If the dikes were the result of 
filling of these fractures, the sea floor would have been 
subjected to uplift before the filling occur·red. Material 
would then have been washed into the f·ractures by the 
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subsequent transgressing sea. No evidence for an erosion 
surface was observed between the Mowry formation and the 
Peay sandstone. 
(3) The variations in the thicknesses of the dikes 
further negate a filling mechanism. It is doubtful that 
simple fillings would have thicknesses of more than a few 
inches (Donath, 1968)1. The dikes have thicknesses that 
are locally on the order of several feet.. 
The dikes have been obse·rved t.o penetra t.e the Peay 
sandstone to dist.ances up to 60' above the bot.tom contact. 
At. one location, a dike suggest.ed control by a fault. which 
offset. the Peay. These lines of evidence indicat.e that 
the Peay was present. and compet.ent enough to form f·ractures 
before or during dike emplacement. 
All authorities on clastic dikes agree that. a fissure 
must. be formed prior to format.ion of a dike. Smith (1952) 
mapped clastic dikes in the Big Badlands of South Dakota and 
showed that the resulting pattern is due to clastic material 
filling in a conjugate set of shear joints and tension jOints 
both parallel and perpendicular to the regional compression. 
The fissures were due t.o a uniform stress field and its 
elast.icrelease. 
In the present study the fractures are considered to be 
lpred A. Donath, Head, Department of Geology, University 
of Illinois. !olodes of Deformation. Private communication. 
1968. 
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of tectonic origin and caused by regional and local compressive 
stress acting in a NE-8W direction and its subsequent elastic 
'release. The fracture pattern is considered to have developed 
in the initial stages of folding. This conclusion is based 
on the -relationship of the fracture pattern to the anticlines 
and syncline. The fractures have longitudinal, cross, and 
shear directions typical of those found on folded structures. 
Dikes parallel to each of these trends were observed. 
The Role of Pore P·ressure in Dike Emplacement 
It is believed that the effects of fluid pore or forma-
tion pressure play a major role, both in the development of 
fractures and in the subsequent dike injection. 
Handin (1963) discussed the concept of effective st-ress 
in the deformation of rocks under pressure. In his derivation 
he placed a dry, homogenous, jacketed cylindrical test 
specimen under an initial external hydrostatic confining 
pressure, pc. Then he designated Sl' 52' and S3 as the three 
principal total stresses, maximum, intermediate, and minimum, 
CompressiVe stresses are positive. Then: 
51 &::I 82 = 53 
Let the axial pressure 81 be increased by an amount 
~S = 51 - 53' the differential pressure, whereas the radial 
stresses all remain equal to the confining pressure. Then 
Sl > 82 = 83 = Pc' Sl = 53 + ~S &::I Pc + ~5 in compression. 
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Now an internal hydrostatic pore pressure Pp is applied. 
The concept of effective stress is expressed analytically as: 
°1 - Sl - Pp' °2 • S2 - Pp' °3 - S3 - Pp where a l , a2 , a3 , 
are the maximum, intermediate, and minimum principal effective 
stresses, respectively (Figure 10). 
In a compression test: 
- (83 + AS - pp) = AS + (p - p ) c' p (1) 
where (pc - pp) is defined as the effective confining pressure. 
Handin further showed that the internal friction is 
reduced because the normal pressure across the failure plane 
is lowered by the amount of pore pressure, not because the 
coefficient of friction is affected (Figure 11). 
~ = ~o + (8n - pp) tan , 
where 8n - Pp is the effective normal pressure. 
(2) 
From tests conducted at various pore and confining 
pressures, Handin concluded that the important mechanical 
properties - ultimate strength and ductility - are functions 
of the effective stresses. As the effective confining 
pressure is reduced, failure is facilitated, especially 
brittle failure by fracturing and faulting. Fracture implies 
total loss of cohesion and resistance to stress difference, 
separation into two or more parts and the release of stored 
elastic strain energy (potential energy) (Donath, 1968).2 
2Ibid• 
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Figure 10. States of stress developed in dry (left) and 
fluid-saturated (-right) homogeneous 'triaxial 
test specimens. Symbols S and a denote total 
and effective stress, -respectively. p and p 
denote confining and pore pressure,re8pectivRly • 
.AS is axial differential st-ress. Angle e 
measures inclination of faults relative to 
maximum principal pressure (Handin, et al., 
1963) . --
52 
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Figure 11. Mohr diagram showing that an increase in pore 
pressure can cause failure because normal 
stress is lowered, while the coefficient of 
f·rictionremains unaffected (Hubbart and Ruby, 
1959) 
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When the effective confining pressure is low, frictional 
resistance is low, macroscopic shear failure occurs readily at 
low differential stress. High pore pressure cushions grains so 
there is little grain breakage. Intergranular movement is 
easy and porosity increases. 
When the effective confining pressure is zero, the 
principal resistance to deformation is the low cohesive 
shearing strength (Equation 2). The rock deforms by inter-
granular movements and becomes dilatant. 
Thus fracturing could be facilitated in the early stages 
of folding under moderate compressive stresses provided that 
the effective confining pressure is relatively low. 
Hubbert and Rubey (1959) defined normal and abnormally 
high fluid pressures in sedimentary rocks. Normal fluid 
pressure is the water pressure in a given stratum which 
will support a static column of water extending to the 
surface of the ground or to the water table, that is the 
height equals the depth to the water bearing stratum. Ab-
normally high pressures may support water columns whose 
lengths are on the order of twice the depth. For such con-
trasts normal pressure may be considered hydrostatic. 
Formation pressure, whether normal or abnormal lowers the 
effective ove7burden pressure in porous rocks, thus strength 
is reduced at all depths. A system in which the formation 
pressure is "abnormal" has an excess of about 0.5 of the 
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formation pressure. This is not in equilibrium and must be 
isolated by some kind of permeability barrier (Handin, 1964). 
Granular material cannot flow within beds unless the 
sediment is dilated by fluids to such an extent that indi-
vidual grains no longer interlock (Duncan, 1964). Reynolds 
(1954) proposed that the industrial process known as fluid-
ization, which is the transportation of solid or liquid 
pa'rticles by gas flow, as a geologic process that might be 
the cause of pebble breccias and pebble dikes. Fluidization, 
Reynolds continued,' could conceivably cause selective 
transportation to allow subsidence of larger fragments and 
ascension of smaller ones - a process that has taken place 
in some pebble dikes. General or good fluidization of a 
bed is reached wherein each particle is surrounded by a 
liquid film and is in an agitated state although there is 
little or no mixing of solid particles (Shuster, 1952). 
As this state of general fluidization is reached, the fluid 
velocity increases and the pressure across the bed drops 
(Lewis, 1952). 
In order for fluidization to occur within a sedimentary 
bed, the formation pressure in the bed must build up to the 
extent that the flotation limit of the overburden is reached 
(Duncan, 1964). 
Hubbert and Rubey (1959) have demonstrated that it is 
possible for abnormal hydrostatic pressure to be built up due 
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to ~apid accumulation of overburden and regional tectonic 
compression of the ~ocks and contained pore water. 
Handin (1963) furthe·r stated that the commonest cause of 
abnormal pressure is the very -rapid deposition of thick 
sections of fine-grained sediments which are impermeable 
to the extent that the~r connate water has not been fully 
expelled and the sediments are undercompacted. The inter-
stitial fluid supports most of the weight of the super-
incumbent %ock and very high disequilibrium pressures can 
be ~etained for long periods of geological time. 
Abnormal formation pressures will strongly affect the 
deformation of the rocks in which they occur. The internal 
friction and hence the strength would become lower than 
the superadjacent -rock. Deformation would tend to be 
localized within the high pressure zone. Here the rocks 
would also have low bulk densities and would be gravita-
tionally unstable (Handin, 1963). 
Mechanics of Intrusion in 
the Study Area 
The sedimentary section in the area of study lends itself 
admi·rably to the foregoing ideas and conclusions (Figure 2). 
The Cretaceous section in the area is predominately one of thick 
black bentonitic siltstones, with the exception of the highly 
siliceous Mowry, and thin interbedded sandstones. 
The ~elatively thin Peay sandstone itself is 
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overlain by a black bentonitic siltstone sequence. The 
Torchlight sandstone, another relatively thin unit, caps 
the P·rontier and the 3000 feet of predominately black shale 
Cody formation lies above it. Subjacently, the Peay is 
bounded locally by a thin bentonitic black shale. Di·rectly 
beneath this occurs the very brittle, siliceous Mowry shale. 
The black shales could act as an impermeable bar·rier 
which would effectively seal the Peay sandstone. With 
additional deposition and beginnings of compressive forces 
of the Laramide orogeny, water within the shales could have 
been expelled into the more porous sandstone and an abnormal 
formation pressure developed. This abnormally high formation 
pressu're would have -reduced the effective confining pressure 
to a low level or perhaps to zero. Thus a moderate horizontal 
'compressive stress could rather easily have initiated 
fracturing with the resultant loss of cohesion and local 
~ 
increases in porosity and a dilatant bed. It was suggested 
earlier that, although all the f'ractures are considered to 
have formed early in the folding, the field evidence indi-
cates that f·ractures formed both before and after dike 
emplacement. 
During the initial stages of tectonism, pore water would 
be squeezed out of the Mowry into the Peay, thus increasing the 
Mowry's effective confining pressure, while at the same time, as 
mentioned above, the effective confining pressure of the Peay 
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would be lowered. This mechanism would necessitate increased 
tectonism to initiate faulting or fracturing in the Mowry. 
During this early phase the a~ready abnormal pore pressure in 
the confined Peay sandstone would build up to the point where 
it would literally explode when released resulting in a 
forceful intrusion. 
The dike emplacement represents a critical time or 
event in the early stage of folding. This critical time 
would occur when the Mowry became competent enough and the 
compressive forces great enough to allow development of the 
f·ractures which would t'rigger the release of the abnormal 
pore pressure in the overlying Peay sandstone. The critical 
timing and the forcefulness of the intrusion also suggests 
that the dikes may have opened their own fractures. Lemish 
(1958) suggested that pebble dikes in the Topia Mining 
District of Durango, Mexico opened thei·r· own fissure by 
forceful intrusion since there was a lack of definiterela-
tionship to the structural pattern. 
It is felt that the dikes represent major fractures or 
faults developed in the Peay and underlying Mowry before the 
Mowry became competent enough to undergo the brittle failure 
that it shows today. The occurrence of these finely spaced 
joints in the Mowry and the dikes and the offsetting mentioned 
earlier would further suggest this time ·relationship. 
The writer considers that fluidization of the Peay sand-
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stone in and near these critical fractures took place with the 
release of the abnormally high pore pressure. The relatively 
small number of dikes suggest that the pore pressu·re was not 
uniformly distributed th·roughout the sandstone. In industry, 
an undesirable condition in a fluidized bed may provide a 
model of the conditions that occur in a relatively thin bed 
of granular sedimentary material. According to Flood and 
Lee (1968), stagnant regions can develop in a fluidized bed, 
which is quite thin with respect to its diameter. The 
solid material is fluidized only in the immediate vicinity 
of the holes of a gas distributor (Figure 12a). Furthermore, 
when a bed is not uniformly fluidized, a condition known as 
channeling results wherein the gas takes a preferential path 
through the bed (Figure l2b). 
In a ·relatively thin bed of sedimentary granular material, 
the pore pressure would become nonuniform upon fracturing. 
The f·ractures would become preferential paths for fluidized 
materials and the pore pressure gradient would decrease 
towa·rds the f·racture. The portions of the bed between 
f·ractures could be analogous to the stagnant portions of a too 
shallow bed in industrial fluidization. In the Peay, distribu-
tion of porerpressure may have been further localized by its 
variable thickness and the more ·rapid rate of deformation in 
the areas of the noses of the folds and changes in strike. 
The extent of fluidization and the effects of a pore 
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Figure 12a. Stagnant regions which develop in a fluidized 
bed which is too shallow. Only the particles 
of solid material near the holes of the gas 
distributor are well fluidized (Flood and Lee, 
1968) 
Figure 12b. Poor distribution of gas in fluidized bed can 
result in a condition called channeling (Flood 
and Lee, 1968) 
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pressure gradient on either side of a f-racture may be pa·rtially 
-reconst-ructed from the height that the dikes penetrated the 
Peay and the amount of sandstone in the dikes. As mentioned 
ea-rlier, five dikes penet'rated the Peay for vertical distances 
up to sixty feet above the contact. Using the average 
figures for thickness, 3', and horizontal and vertical extent, 
640' and 325' respectively, the average dike contains 
approximately 625,000 cubic feet of sand. For every horizontal 
foot of extent, there is approximately 975 cubic feet of 
sand in the vertical direction. If the average thickness 
of the Peay is considered to be 50' (thickness varies up to 
100'), the effect of the pore pressure gradient would be felt a 
minimum of 10 I on either side of the dike and would probably be 
much g-reater than this since no abrupt thinning was noticed 
in the Peay as the dikes were approached. 
Handin (1963) stated that material in the high pressure 
zone would be gravitationally unstable, that it would move 
upward and penetrate the overburden. It is felt here that 
the fluidized material would move downward because the Mowry 
achieved sufficient competency to allow fracturing before the 
overlying bentonitic black shales. 
The mechanism here in discussed would be one of elastic 
expansion similar to one described by Reynolds after Walton 
(1954) wherein a clastic dike had intruded a dolerite sill. 
Water in the sediments below the sill was vaporized by the heat 
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of the intrusion. In response to a local decrease in pressure, 
caused by the f'racturing of the sill, the water vapor expanded 
and swept the clastic material into the f·racture as a suspen-
soid. The expanding vapor is likened to the release of 
abnormally high pore pressure. 
Duncan (1964) envisioned sediments being put in a mobile 
condition by release of a confined high hydrostatic pressures 
in the emplacement of clastic dikes in California. 
In describing a pebble-breccia dike, Bryner (1961) states 
that: "It would seem to have been produced by a milling action 
in which the ·rock fragments were actively suspended in an 
actively circulating medium such as water or gas. In this 
state this pebble breccia may have had int:rusive mobility, 
although portions of it may have been formed more or less in 
place." 
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CONCLUSIONS AND SUGGESTIONS 
FOR FUTURE STUDY 
The conclusions reached in this study are: 
1. The feracture pattern in the area was established in the 
early stages of folding by compressive forces acting horizon-
tally in a NE-SW direction. 
2. The clastic dikes were derived f·rom the Peay sandstone of 
the Frontier formation and were forcefully injected down into 
the underlying beds during the early stages of folding. This 
injection was accomplished by fluidization of materials in 
certain critical zones of fracture upon release of an abnor-
mally high pore pressure. The dike emplacement ·represents 
a critical time in the early stage of folding when the Mowry 
became competent enough to fracture and trigger the release 
of the abnormal pore pressure in the oVerlying Peay sandstone. 
The dikes were subsequently jointed and offset as continuing 
tectonism rotated them and the sur-rounding beds to thei·r 
present position. 
Future field work on this problem should include complete 
mapping of the f·ractures and faults in the areas of the dikes, 
more detailed mapping of the dikes for any linear features, and 
measurements on. the Peay to determine thinning in the areas of 
the dikes. Other work should include some petrographic studies 
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on the flow structures to determine a preferential grain 
orientation with respect to the direction of flow. 
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APPENDIX 
Joint Orientation Data 
Area Formation and Joint Attitudes 
- Attitude of Beds Uncorrected Corrected 
1 I<m N 40· W 35° S N 10· W 65° N N 12° W 84· S 
N 52° E 90° N 52° E 90° 
4 I<m N 57· W 43· S N 90° W 55· N N 82° W 87· S 
due N 50· E N 16° W 80° E 
Xf N 50° W 55° S N 80° W 50· N N 72° W 80· S 
N 50° W 38° N N 50° W 87· S 
Xf N 45· W 45° S N 55· E 80° W N 58· E 90° 
N 50· W 50° N N 48° W 86° S 
N 5° E 75· E N 5° E 16° W 
N 80° E 55° W N 87° W 88° N 
N 30· W 41· N N 34· W 90° 
S Xf N 36· W 20° S N 50· W 75· N N 50° W 86° S 
Xf N 25° W 18° S N 85° W 78° N N 82° W 88° N 
N 45° W 50° N N 42° W 66° N 
6 Kf N 38° W 11° S N 20° E 90° N 20° E 85° S 
N 78° E 80· W N 18° E 85° W 
7 Xf N 30° W 32° N N 40° E 70° W N 34° E 84° W 
N 8° W 55° W N 12° W 86° W 
N 90· W 70° S N 83° W 87° S 
Km N 22° W 15° N N 80° E 90° N 19° E 87° S 
N 65° W 80° S N 64· W 90° 
8 Xf N 5° E 15° W N 80° E 80· S N 77° E 84° S 
due N 15° W N 5° E 75° E N 5° E 90° 
N 50° E 75° E N 48° E 84° S 
N 15° W 18° S due N 65° S due N 83° S q 
I<m N 80° W 30° N N 50° W 50° S N 56° W 76° S 
N 50° E 80° S N 50° E 82° N 
N 75° W 19° N N 46° E 70° E N 50° E 80° E 
N 50· W 65° W N 52° N 82· W 
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Area Formation and Joint Attitudes 
- Attitude of Beds Uncorrected corrected 
N 35· E 11° W N 47· E 75° S N 47° E 84° S 
N 52· W 90° N 52· W 90° 
9 Km N 23° W 42° S N 55° E 65° E N 40° E 80° S 
N 45° E 70° E N 38° E 90° 
N 25° W 53° S N 87° E 57° N N 76° W 85° N 
N 30· W 45° E N 29° w 82· W 
N 20· E 65° E N 16· E 76° W 
1a Rsm N 39° W 31° S N 38° W 53· N N 38° W 84° N 
N 87· E 83° N N 85° E 80° S 
N 55° E 90° N 55° E 90° 
2a Rsm N 5° E 34° W N 20· E 52° E N 16° E 85° E 
N 72° W 90° E N 74· W 82· S 
3a Rsm N 15· W 42° W N 60° W 70° E N 58° W 80° S 
N 48° E 88· E N 48° E 80° W 
4a Rsm N 38° W 10° S N 40° W 89° E N 40° W 82° W 
N 70° E 67° N N 72° E 70· N 
Sa Rsm N 56- W 34° S N 78° W 55° N N 75° W 88 0 N 
N 5° W 52° E N 18° W 80° E 
N 85° E 51° N N 76° E 85° E 
6a Rsm N 43° W 40° S N 60° W 58° E N 56° W 84° W 
N 83° W 60° N N 75° W 86° S 
N 45° W 46- E N 45° W 88° E 
7a Pt N 60° W 50° N N 12° W 60° S N 28° W 83· E 
N 64° W 38° S N 62° W 88° S 
8a Pt N 20° W 29° W N 10· E 72· W N 10· E 65° W 
N 50° W 11° E N 48° W 84° S 
N 90° E 90· N 88° E 80° S 
9a Ksm N 60° W 36° E N 90· E 55° S N 85° W 90· 
N 55° W 65° W N 50° W 80· E 
lOa Rsm N 11° W 30° N N 75° W 70° S N 78° W 80· N 
N 46° W 84° S N 48° W 10° N 
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Plate 1. Geology with dike areas 

Place 2. Individual dike areas with fracture rosettes 
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Plate 3. Structural axes with fracture rosettes 
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